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Oxidised, formate-bound and fluoride-bound forms of E. coli cytochrome bo give rise to an electronic absorptton band near 630 nm, diagnostrc 
of high-spin ferrric haem o, whose position is sensitive to the nature of the bound anion. In all three forms, haem o remains spin-coupled to Cu,(II), 
resulting in distinct broad X-band EPR signals. Those of formate-bound cytochrome bo are similar to the signals seen in slow cytochrome U+ but 
cannot be induced by incubation at acid pH suggesting that the endogenous carboxyiate believed to be important in slow cytochrome aa, is not 
present in cytochrome bo. The oxidised form gives rise to novel EPR signals at g = 3.74 and g = 3.08 which have not been detected in cytochrome 
aa, and may arise from a weak magnetic oupling between high-spin haem a, S = 512, and Cu,(lI), S = 112. 
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1. INTRODUCTION 
Cytochrome bo, one of two terminal ubiquinol oxi- 
dases of E. co&, consists of four subunits of which I 
contains the three redox-active metal sites; one low-spin 
protohaem IX group liganded by two histidine residues 
and one haem o magnetically coupled to a copper ion, 
Cu,, at the site of oxygen reduction [l-3]. There is 
considerable sequence homology between this subunit 
and subunit I of mitochondrial cytochrome au3 [4], 
which also contains one low-spin haem and a haem- 
copper site. It remains to be discovered how function- 
ally similar the binuclear oxygen reduction site is in 
cytochrome bo and cytochrome aa3. This paper exam- 
ines some aspects of this comparison for the oxidised 
form of the two enzymes. 
Oxidised mito~hondrial cytochrome aa can exist as 
a mixture of ~onfo~ers called fast and slow because the 
rate of reaction with exogenous anionic ligands, such as 
F-, CN-, HCOO-, varies [5-91. When isolated under 
mildly alkaline conditions a fast conformer predomi- 
nates. A slow form dominates in preparations exposed 
to low pH and is characterised by a blue-shifted Soret 
maximum and broad X-band EPR signals centred close 
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to g = 12 and g = 2.95 [6-8,10-121. Conversion of fast 
to slow forms may be effected either by lowering the pH 
of the enzyme or by the addition of exogenous formate 
[6,13-161. 
In the fast form of cytochrome aa3 the magnetic cou- 
pling of Cu,(II) and ferric haem a3 results in a state 
which is EPR silent 1173. The magnetic state of haem a3 
within this coupled site has been deduced from suscepti- 
bility studies [ 18-201 and Mijssbauer spectroscopy [2 I- 
223 to be high-spin ferric anti-ferromagnetically coupled 
to CUB(H) yielding a spin = 2 state. In the slow form, 
the coupling between ferric haem a3 and Cu,(II) also 
leads to an S = 2 state [23], but magnetic coupling and 
zero-field-splitting parameters are quantitatively differ- 
ent to those of the fast enzyme and result in the observa- 
tion of the g = 12 and g = 2.95 signals [18-20,221. 
Results are presented here which indicate that the 
binuclear centre of CytoGhrome bo can also exist in sev- 
eral different forms some of which are similar to those 
already described for cytochrome aa3. 
2. MATERIALS AND METHODS 
Cytochrome bo was isolated from RG145, a previously described 
strain off?. coli which overexpresses cytochrome bo [24]. For spectro- 
scopic experiments all protein samples were exchanged into 50 mM 
HEPES, 0.2% (w/v) octyl-/?-n-ghtcopyranoside pH = 7.5. Enzyme 
concentrations were determined optically using e,, = 183 mM-‘cm-’ 
]2S] and verified by integration of the g = 2.98 EPR feature of haem 
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Fig. 1. Reduced minus oxidised difference electronic absortion spectra 
for unliganded, fluoride-bound and formate-bound forms of oxidised 
cytochrome bo. 15 ,LLM cytochrome bo in 50 mM HEPES/0.2% OGP 
pH 7.5 was incubated at room temperature for two hours either in the 
absence of ligands or m presence of sodium formate (20 mM) or 
sodium fluoride (20 mM). Spectra were recorded before and after 
addition of excess sodium dithionite. 
b against copper(H) EDTA standards using the method of Aasa and 
Vangird [26]. 
Sodium fluoride was purchased from Aldrich. HEPES, sodium for- 
mate, and octyl-p-o-glucopyranoside were purchased from Sigma. The 
formate and fluortde derivatives of cytochrome bo were prepared by 
addition of 1 M solutions of their sodium salts to give a final hgand 
concentration of 20 mM. Binding was monitored by electronic absorp- 
tion spectroscopy. When no further optical changes were observed, 
samples were frozen for EPR 
Absorption spectra were recorded on a Hitachi U3200 or an 
Aminco DW2000C spectrophotometer. Wavelengths are quoted to 
within 0.5 nm. EPR spectra were recorded on an X-band ER-2OOD 
spectrometer (Bruker Spectrospin) interfaced to an ESP1600 com- 
puter and fitted with a liquid helium flow cryostat (ESR-9; Oxford 
Instruments). 
3. RESULTS 
Oxidised cytochrome bo when isolated by previously 
described methods [25] has a Soret band at 406.5 nm, 
maxima in the a,b region at 529 nm, 558 nm and a broad 
feature at 630 nm. Porphyrin o has UV-visible spectro- 
scopic properties comparable to those of protoporphy- 
rin [27] and thus the band near 630 nm is indicative of 
the presence of high-spin ferric haem o [28]. 
If oxidised cytochrome bo is incubated with 20 mM 
sodium formate or 20 mM sodium fluoride, the Soret 
absorption maximum undergoes a small blue-shift to 
406.0 nm or 405.0 nm, respectively (not shown). 
Changes in the band near 630 nm also occur. These are 
illustrated in Fig. 1, which shows the reduced-oxidised 
optical difference spectra for oxidised cytochrome bo 
and the two derivatives. A distinct trough represents the 
disappearance of the band near 630 nm. Reduction of 
all three forms results in identical absolute absorbance 
spectra. The position of the trough is therefore a reflec- 
tion of differences in the ‘630 nm’ band in the three 
oxidised forms. It occurs at 625 nm for the oxidised 
enzyme but is shifted to 634 nm and 618 nm for the 
formate and fluoride derivatives respectively. 
The X-band EPR spectra of these three forms of cyto- 
chrome bo are shown in Fig. 2. The features at g = 2.98, 
2.26 and 1.50 persist in all forms of cytochrome bo 
discussed in this work and are due to low-spin ferric 
heme b [2]. 
In addition to these signals, the EPR spectrum of 
oxidised cytochrome bo shows unusual broad features 
at g = 3.74 and g = 3.08 which are less easily power 
saturated than those of heme 6. These dominate the 
spectrum at temperatures of 5 10K and powers in ex- 
cess of 100 mW. This property is typical of signals aris- 
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Fig. 2 X-band EPR spectra of oxidised, fluoride-bound and formate- 
bound forms of cytochrome bo at 10K using 2.03 mW microwave 
power. Shown below each is the spectrum of the same sample recorded 
at 5K using 203 mW microwave power. Operatmg conditions: modu- 
lation amplitude, 10G; microwave frequency, 9.39 GHz. Concentra- 
tions of cytochrome bo were 165 PM (oxidised). 190 PM (NaF) and 
227 PM (NaOCHO). 
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ing from integral-spin (non-Kramers) systems. NO 
change in the form of these signals nor the correspond- 
ing absorption spectrum is observed on changing the 
pH of the buffer from 7.5 to 6.5. These broad signals 
and the ‘630 nm’ band are abolished by addition of 
sodium cyanide, hydrogen peroxide or reductants such 
as sodium dithionite, sodium ascorbate or NADH (not 
shown). When reduced cytochrome bo is reoxidised by 
stirring in air, the Soret maximum is again at 406.5 nm 
and both the 630 nm band and the broad EPR signals 
return. 
The X-band EPR spectrum of formate-bound cyto- 
chrome bo shows a broad derivative feature at g = 13 
and the features labelled g = 2.60 and g = 3.20 which 
appear to be the extrema of another derivative signal 
centred near g = 2.8 and underlying the g, = 2.98 signal 
of the low-spin heme b. 
The EPR spectrum of the fluoride derivative shows 
the appearance between 0 and 3000G of complicated 
broad signals with power saturation characteristics 
comparable to those of the g = 3.74 and g = 13 signals 
of the oxidised and formate-bound forms of the enzyme. 
The significant features at g = 8.17, 4.71, 3.62 and 3.19 
are analogous to those observed when fluoride is added 
to cytochrome au3 [7,9]. 
4. DISCUSSION 
Using EPR and UV-visible absorbance spectroscopy 
it can be shown that the binuclear site of cytochrome bo 
can exist in three distinct electronic states which appear 
to be counterparts of forms of the binuclear site in 
cytochrome uu3. 
The formate-induced form of cytochrome bo shows 
the most direct correlation, with slow cytochrome au+ 
The EPR signals from slow cytochrome uu3 at g = 12 
and g = 2.95 correspond to features at g = 13 and 
g = 3.20 in the spectrum of cytochrome bo with formate. 
The EPR features observed here are similar to those 
seen near g = 12 and g = 2.9 when cytochrome bo-con- 
taining membranes were treated with formate [29]. In 
contrast to the behaviour of cytochrome oxidase, these 
signals are not observed in our native preparations of 
cytochrome bo. Neither have we been able to induce 
them by prolonged incubation of the enzyme at 
pH = 6.5. 
Although the formate derivatives of the binuclear 
sites of the two enzymes are similar by EPR spectros- 
copy, cytochrome bo appears unable to adopt the g = 13 
configuration without exogenous formate ion, suggest- 
ing that the endogenous carboxylate believed to be ca- 
pable of effecting the equivalent transition in cyto- 
chrome au3 is absent in cytochrome bo. There are 14 
carboxylate residues in the primary amino acid se- 
quence of cytochrome au3 subunit I which are not con- 
served in cytochrome bo [4]. 
Cooper and Salerno [ 121 proposed that the g = 12 and 
g = 2.95 signals could arise from the highest doublet 
and lowest pair of states respectively of a spin = 2 mul- 
tiplet with zero-field-splitting parameters of D = 1.0 
cm-’ and E/D = 0.28. These values of D and E are slight 
modifications of those originally proposed by Hagen 
[23] on the evidence of the g = 12 signal alone. The 
resonance position of such signals is extremely sensitive 
to small changes in these parameters. Using the same 
spin-Hamiltonian with D = 1 .O cm-‘, changes in E/D of 
the order of 0.01 would be sufficient to alter the reso- 
nance fields to those observed for formate-treated cyto- 
chrome bo. 
No form of cytochrome uu3 is known to give rise to 
EPR signals comparable to those we have observed at 
g = 3.74 for oxidised cytochrome bo. The Soret maxi- 
mum at 406.5 nm and the presence of the 630 nm band 
indicate that the ferric haem o is in the high-spin form. 
Since the EPR signals are not those of an isolated high- 
spin ferric haem, it can be assumed that they arise from 
the binuclear site in which the haem o is spin coupled 
to the copper(I1) ion. In the limit of strong anti-ferro- 
magnetic coupling, an S = 2 quintet results. If the axial- 
zero-field splitting parameter D is greater than the Zee- 
man energy and the rhombic parameter E is close to 
zero, the doublets m, = ? 2 and ? 1 have g-values of 
2 8 and 2 4, respectively. However, at low values of E 
the the transition intensity in perpendicular mode EPR 
will be weak. The g = 3.74 signal is therefore unlikely 
to arise from such transitions. As discussed above, the 
g = 2.95 EPR signal of slow cytochrome au3 may arise 
from a transition between the lowest two components 
of an S = 2 quintet with a positive D-value [12]. The 
g = 3.74 signal too may have such an origin. However, 
both cases suffer from the criticism that a D-value of 
+ 1 cm-’ is significantly smaller than that expected to 
arise from high-spin ferric heme. For example, met- 
myoglobin-fluoride has a D-value of = 7cm-’ [30]. As 
discussed by Salerno and Cooper [ 121, an alternative 
explanation may involve a spin coupling between high- 
spin ferric haem o and Cu(I1) of magnitude J < < D. 
This can result in states sufficiently close in energy to 
permit EPR transitions while maintaining a larger local 
D-value at the haem. We are at present studying the 
g = 3.74 signal at Q-band and in parallel mode EPR 
spectroscopy in order to investigate this possibility. 
This weak-coupling scheme has been suggested as an 
explanation of the Mossbauer properties of the analo- 
gous binuclear site of cytochrome claa3 from Thermus 
thermophilus [31]. Interestingly, this oxidase also exhib- 
its broad intense EPR signals between g = 3 and g = 4, 
assigned to cytochrome cl. But it is not clear that the 
intensity is sufficient to account for only one low-spin 
ferric haem [32]. It should be noted that the cytochrome 
c,aa3 Mossbauer results could also be rationalised on 
the basis of a strong coupling scheme [31] comparable 
to those used to explain Miissbauer and magnetic sus- 
ceptibility data for fast cytochrome au3 [18-221. There- 
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EPR: g = 8.5, 5, 3.20 
Cytochrome bo 
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1 sure, = 406.5 nm 
EPR: g = 3.74. 3.08 
formate-bound 
a,,,, = 406.0 nm 
EPR: g = 13, 3.20/X60 
fluoride-bound 
As,,,, = 405.0 nm 
EPR: g = 8.17. 4.71, 3.19 
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